Background: Genistein is a potential drug for certain inherited lysosomal disorders. Results: Genistein influences molecular cross-talk in the cell responsible for lysosomal enhancement. Conclusion: Genistein potentiates lysosomal metabolism by activating transcription factor EB (TFEB). Significance: The explanation of genistein action offers more adequate therapeutic procedures for the treatment of some lysosomal storage diseases.
Lysosomal storage diseases are a group of over 50 rare inherited metabolic disorders that result from defects in lysosomal function (1) , leading usually to deficiency of a single enzyme required for the metabolism of lipids, glycoproteins, or glycosaminoglycans. Alterations in metabolism of GAGs 3 due to mutations in genes coding for enzymes involved in degradation of these compounds cause severe inherited metabolic diseases called mucopolysaccharidoses (2) . Impaired hydrolysis of GAGs leads to their accumulation in the patient's cells, which results in progressive damage of the affected tissues and organs, including the heart, respiratory system, bones, joints, and central nervous system (CNS).
Currently, bone marrow or hematopoietic stem cell transplantations (the latest one has been shown to be effective in MPS I, although no cure can be achieved) and enzyme replacement therapy are the only approved treatments of MPS. However, neurological symptoms, developing due to GAG accumulation in CNS, cannot be managed by enzyme replacement therapy due to an inefficient delivery of proteins through the blood-brain barrier (3) . Although gene therapy is a promising hope for MPS patients, so far it remains a treatment under development rather than a real therapy (4) . Therefore, there is still a need for alternative therapies, which could be helpful for patients suffering from mucopolysaccharidosis, especially from its neuropathic forms. * This work was supported by National Science Centre Project Grants 2011/ 01/B/NZ1/03686 and N N301 668540 and was operated within the Foundation for Polish Science Team Programme co-financed by European Union European Regional Development Fund Grant TEAM/2008-2/7. 1 To whom correspondence may be addressed. Tel.: 39-081-6132298; E-mail: medina@tigem.it. 2 To whom correspondence may be addressed. Tel.: 48-58-523-6046; E-mail: m.gabig@biol.ug.edu.pl.
One potential therapeutic method for MPS is substrate reduction therapy (5) . This kind of therapy is based on an assumption that inhibition of synthesis of compounds that cannot be efficiently degraded may facilitate an establishment of a new balance between their production and degradation, already lost due to a defect in a specific hydrolase (6) . Previously, our group has demonstrated that genistein (5,7-dihydroxy-3-(4-hydroxyphenyl)-4H-1-benzopyran-4-one), a natural isoflavone, inhibited synthesis of glycosaminoglycans and reduced lysosomal GAG storage (7) . It was demonstrated that this isoflavone can cross the blood-brain barrier, making it a desirable potential drug for the treatment of neuropathic forms of mucopolysaccharidoses. Importantly, genistein caused a marked improvement in treated mice suffering from MPS II and MPS IIIB diseases (8 -10) .
It has been shown that the primary mechanism of genisteinmediated inhibition of GAG synthesis involves epidermal growth factor (EGF), resulting in genistein affected EGF receptor-catalyzed phosphorylation efficiency (11) . We hypothesized that this may lead to changes in expression of certain genes involved in glycosaminoglycan metabolism, and a potential substrate reduction therapy for MPS with the use of genistein has been called "gene expression-targeted isoflavone therapy," or GET IT. Therefore, the aim of this work was to identify the genistein-modulated gene network regulating GAG biosynthesis and degradation, taking into consideration the entire lysosomal metabolism.
EXPERIMENTAL PROCEDURES
Cell Cultures-Human dermal fibroblasts (HDFa) were obtained from Cascade Biologics, whereas mouse embryonic fibroblasts and HeLa cells were purchased from ATCC and cultured from cryo-preserved cells in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich) and Roswell Park Memorial Institute medium (RPMI 1640), respectively, with 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic solution (Sigma-Aldrich) and incubated at 5% CO 2 at 37°C. For transcriptomic analyses, cells were seeded to a confluence of ϳ80%. After 24 h of growth, the medium was replaced with fresh nonsupplemented medium (pure control K1), containing DMSO at a final concentration of 0.05% (vehicle control K2) or genistein at 30, 60, and 100 M concentrations in 0.05% DMSO. The experimental treatment was carried out for 1-, 24-, and 48-h periods. These time course data sets and genistein doses were analyzed in the context of cell proliferation and cytotoxicity determined in previous studies (7) .
RNA Extraction-Total RNA was extracted from cells using the High Pure RNA Isolation Kit (Roche Applied Science) and quantified with the Quant-it TM RiboGreen assay kit (Invitrogen). In addition, the quality of each RNA sample was assessed using the RNA 6000 nanoassay on the Agilent 2100 Bioanalyzer (Agilent Technologies).
Microarray Assay Performance, Data Extraction, and Statistical Analysis-Three to five biological replicates (n) were conducted for the microarray analysis with the use of Illumina's Human HT-12 v3 and v4 Expression BeadChips (Illumina Inc.) for all tested conditions. The Illumina TotalPrep RNA amplification kit (Ambion) was used in order to amplify total input RNA. BeadChips were scanned using the Illumina BeadArray Reader and Bead Scan software (Illumina Inc.). The quality of microarray data was controlled by examining raw and adjusted intensity histograms. The detection scores (p values) were used to determine expressions of each gene after quantile normalization using the Illumina GenomeStudio software package (Gene Expression Module version 1.9.0, Illumina Inc.). All gene expression data have been deposited in the NCBI Gene Expression Omnibus (GEO series accession number GSE34074), according to the MIAME (minimum information about a microarray experiment) standards. An overview of experiment performance was gained by clustering samples using a correlation metric (Illumina BeadStudio Data Analysis software). Average-linkage hierarchy was performed on the resulting gene set by using MultiExperimental Viewer version 4.8 (12) . The Pearson correlation coefficient method was used to calculate "expression distance values" across experiments and to group samples that have similar expression patterns. The values ranging between 0.98 and 0.99 for biological replicates indicate a high degree of reproducibility and strong correspondences between expression profiles. Significantly differentially expressed genes had to have a -fold change greater than or equal to 2.0 or 1.3 and below 0.5 or 0.7 for whole genome or GAGassociated transcripts, respectively, with a p value of Ͻ0.05. In addition, GOrilla (gene ontology enrichment analysis and visualization tool) and gene set enrichment analysis (GSEA) were utilized (13, 14) . Affected biological pathways were defined according to Kyoto Encyclopedia of Genes and Genomes annotation (15) .
Genome Analysis-Human promoters were retrieved from the Ensemble database and analyzed with the CLEAR position weight matrix by using PatSer from the Regulatory Sequence Analysis Tool with default parameters. A score was assigned to each human promoter, equal to the PatSer score associated with sequences similar to the CLEAR position weight matrix. Gene Ontology analyses were performed with the GOrilla tool (13) .
Real-time Quantitative RT-PCR-Real-time quantitative reverse transcription-PCR (real-time qRT-PCR) was performed to measure the mRNA levels of the studied genes using the LightCycler System 480 (Roche Applied Science). Of the three so-called housekeeping gene candidates (i.e. GAPDH, PBGD, and TBP) exhibiting stable expression under our experimental conditions (based on the microarray data), probes for the latter two, bought from Roche Applied Science, were implemented for real-time qRT-PCR as reference genes because they appeared to be the best suited standards for the analysis (Best-Keeper, an Excel-based software tool using pairwise correlations, was utilized (16)). mRNA from 0.5 g of total input RNA was reverse-transcribed into cDNA using the Transcriptor First Strand cDNA synthesis kit (Roche Applied Science). Realtime qRT-PCR amplification was performed using the Universal Probe Library Set, Human, LightCycler TaqMan Master (Roche Applied Science), and the parameters used were according to the recommendations of Roche Applied Science. Primers obtained from Thermo Fisher Scientific GmbH and probes derived from Roche Applied Science used in the real-time qRT-PCR are presented in Table 1 .
TABLE 1 Sequences and detailed information regarding primers and probes used for real-time quantitative RT-PCR validation of selected genes
siRNA Transfection-HeLa cells were seeded in triplicate into 12-well plates and cultured in RPMI 1640 medium with 10% FBS, 1% L-glutamine, and 1% penicillin/streptavidin solution (Sigma-Aldrich) at 5% CO 2 at 37°C. After 24 h, cells were transfected with Lipofectamine RNAiMAX (Invitrogen) and 5 nM ON-TargetPlus Human TFEB siRNA-SMARTpool (Thermo Fisher Scientific) in Opti-MEM reduced serum medium (Invitrogen) according to the manufacturer's instructions. 72 h after transfection, the cells were processed for the indicated experimental procedures.
Immunoblotting-Cells were lysed, and the sample material was prepared as described previously (17) . Protein concentration was determined with the BCA reagent (Thermo Scientific). Proteins were separated by 12% SDS-PAGE and immunoblotted onto a PVDF membrane (Millipore). The membrane was blocked for 5 h with 5% nonfat milk in PBS-T buffer (PBS with 0.05% Tween 20); incubated with primary antibodies anti-GAPDH (Sigma-Aldrich; 1:5000), anti-TFEB (Santa Cruz Biotechnology; 1:20), and anti-H4 (Santa Cruz Biotechnology; 1:100) at 4°C overnight; washed three times with PBS-T buffer; and afterward incubated with horseradish peroxidase secondary antibody conjugate IgG (Sigma-Aldrich; 1:5000) at room temperature for 1 h and rinsed three times with PBS-T buffer for detection of expressed proteins using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) in a Fluor-S MultiImager (Bio-Rad).
Fluorescence Assays-TFEB-FLAG HeLa cells (18) were seeded on 96-well plates, incubated for 24 h, and treated with genistein ranging from 30 to 150 M and 0.3 M Torin 1 (Biomarin) in FBS-free medium. After 3 h at 37°C, the cells were washed, fixed, and stained with 4Ј,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). For the acquisition of images, 10 pictures per well of the 96-well plate were taken by using confocal automated microscopy (Opera High Content Screening system, PerkinElmer Life Sciences). A dedicated script calculating the ratio value resulting from the average intensity of nuclear TFEB-GFP fluorescence divided by the average of the cytosolic intensity of TFEB-GFP fluorescence was developed to perform the analysis of TFEB localization on the different images (Acapella software, PerkinElmer Life Sciences). To visualize the acidophilic compartments of the cell, we used both acridine orange (19) and Lyso-Tracker Red DN-99 (Molecular Probes, Invitrogen). Cells were incubated with 75 nM LysoTracker Red DN-99 for 1 h at 37°C, rinsed with PBS, and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. Counterstaining was done with DAPI. Images were taken using a fluorescent microscope (Nikon Eclipse TE 300) with ϫ60 magnification.
High Content Screening Assay to Measure ␤-Galactosidase Expression-An HC assay that measures and quantifies ␤-galactosidase protein levels was developed at the high content screening facility (Telethon Institute of Genetics and Medicine) by using mouse embryonic fibroblasts isolated from a ␤-galactosidase knock-in mouse expressing the mentioned reporter gene in one allele of the TFEB locus (generated at the A. Ballabio laboratory). ␤-Gal-KI mouse embryonic fibroblasts were seeded on 96-well plates, incubated for 24 h, and treated with genistein ranging from 30 to 300 M in a regular medium. After 24 h at 37°C, cells were washed, fixed, and stained with anti-bodies against ␤-galactosidase (Abcam). For the acquisition of images, 10 pictures/well of the 96-well plate were taken by using confocal automated microscopy (Opera High Content Screening system; PerkinElmer Life Sciences). A dedicated script was developed to perform the analysis of ␤-galactosidase staining on the different images (Acapella software, PerkinElmer Life Sciences). The script calculates the average of fluorescence intensity per well. The results were normalized using negative (DMSO) control samples in the same plate. The dose-response curve and EC 50 were calculated using Prism software.
RESULTS

Global Gene Expression Analysis Using Microarrays-Test-
ing the effect of genistein on human fibroblast transcriptome, we found that this compound induced dose-and time-dependent alterations in transcript profiles in HDFa in vitro ( Table 2) . By carefully studying gene expression levels modulated after 24 h of treatment with 30, 60, and 100 M genistein, we obtained 15 transcripts in common between all three doses ( Fig. 1 ), whereas 37 transcripts after 48 h of genistein handling were affected, with seven genes (four up-regulated, i.e. MAOA, MT1X, SLC40A1, and SCG5; and three down-regulated, i.e. CDCA8, RGS4, and TPX2) modulated by genistein included in both the 24-and 48-h time course sets. Generally, at the top of the list of genistein-up-and down-regulated genes, there were those mainly involved in regulatory processes in the cell (Fig. 2) . Detailed analysis showed a significant enhancement of expression for 64 genes with a known role in lysosomal biogenesis and/or function, among which nearly 50% are associated with lysosomal diseases in humans (Fig. 2, A and B (with a -fold change of at least 50%, p Ͻ 0.001) and Table 3 (with -fold change values from 1.3 to 2.9, p Ͻ 0.01)). For some of these genes, this was also confirmed by real-time qRT-PCR analysis (Fig. 3 ). Accordingly, GSEA showed a significant enrichment (enrichment score ϭ 0.52; p Ͻ 0.001) of lysosome-related genes ( Fig. 4) .
Profiling of Expression of Genes Involved in Glycosaminoglycan Metabolism with Microarrays-Among 69 genes of glycosaminoglycan synthesis and degradation pathways (i.e. 14 genes in keratan sulfate biosynthesis, 23 in heparan sulfate biosynthe- 
Number of genes whose expression was altered as a function of the treatment type identified in the microarray analysis among whole genome sequences and transcripts of HDFa cells associated with GAG metabolism (n > 3 experiments)
Significantly differentially expressed genes had a -fold change Ն2.0 or 1.3, and Ͻ0.5 or 0.7, for whole genome or GAG-associated transcripts, respectively, with a p value of Ͻ0.05. The cells responded to the different types of treatment with changes in gene expression profiling affecting a large number of genes. For genistein at 60 M, the microarray analysis identified 259 genes that showed a significant increase or decrease over the 24-h time course, whereas 370 transcripts were expressively altered after 48 h, with 143 genes included in both sets. Treatment of cells with 100 M genistein for 24 h affected 231 up-and 236 down-regulated transcripts, whereas the highest number of differentially expressed genes (291 increased and 370 decreased) was detected after 48 h. sis, 21 in chondroitin/dermatan sulfate biosynthesis, and 18 in GAG degradation), including seven genes involved in more than one type of metabolic pathway, 19 genes in total were found to be remarkably differentially expressed in HDFa, as revealed by the microarray analysis. Among them, 12 genes involved in GAG biosynthesis pathways had modulated expres-sion in 60 and 100 M genistein-treated cells over a 24-and 48-h time course, with seven up-regulated (i.e. CHPF, CHST7, CHST12, EXTL2, GLCE, HS2ST1, and NDST2) and the other five (i.e. CHST14, EXT1, HS3ST3A1, ST3GAL2, and XYLT1) down-regulated by genistein. In addition, all seven genes associated with the GAG degradation pathway (i.e. GNS, HEXA, 
TABLE 3 Selected genes with a known role in lysosomal biogenesis and/or function, also encoding enzymes of degradation pathways of organic compounds accumulated in the cells of patients with lysosomal storage disorder for which transcriptomic profiling with the use of DNA microarrays (24-and 48-h treatment with 100 M genistein) and qRT-PCR (24-h treatment with 100 M genistein) revealed increased expressions
Values represent -fold change Ն1.3 with S.D. (FC Ϯ SD, n Ն 3) and denote significant differences for samples treated with genistein against untreated samples, with respect to GAPDH mRNA expression at a constant level. Distribution of CLEAR elements in the gene promoters is indicated.
HEXB, HYAL3, IDUA, NAGLU, and SGSH), being differentially expressed after genistein treatment, were significantly enriched in their transcript level. Actions of products of these genes at particular reactions in the GAG metabolic pathways are shown in Fig. 5 . Remarkably, most time-dependent changes in GAG metabolism gene expression occurred by 24 h for both genistein doses (i.e. 60 and 100 M), although a reduced number of specific transcripts with increased and decreased expression (from 12 to 7 and from 16 to 9, at 60 and 100 M genistein, respectively) after that time was observed ( Table 2 and Fig. 6, A and B) . In addition, 50% of genes among those whose mRNAs were expressed at differential levels were reliably regulated after 48 h of genistein treatment when compared with the 24-h time period (for 100 M, see Fig. 6B ).
Real-time qRT-PCR Analysis of Expression of Genes Involved in Glycosaminoglycan Metabolism-In summary, 11 genes, six of which (i.e. CHPF, EXT1, GLCE, HS2ST1, ST3GAL2, and XYLT1) are involved in the GAG synthesis and five in glycosaminoglycan degradation (i.e. GNS, HEXA, IDUA, NAGLU, and SGSH), being significantly regulated after 24 h of genistein treatment, were included in the real-time qRT-PCR verification using endogenous references GAPDH (Fig. 7A ) and TBP (data not shown because qualitatively similar results were obtained as in the case of GAPDH). Measurements determined by the two transcript assessment systems showed a strong correlation (R 2 ϭ 0.77 in GAPDH-controlled and 0.62 in TBP-controlled experiments for log-transformed ratios). The slope of the best fit line was 1.2 (for GAPDH) and 0.8 (for TBP), indicating that the ratios obtained by the two methods are similar in magnitude ( Fig. 7B) . Although a genistein-mediated decreased expression of some genes whose products are involved in GAG biosynthesis could be expected on the basis of previous reports In B, the graph shows the enrichment plots generated by GSEA analysis of ranked gene expression data (left, up-regulated (red); right, down-regulated (blue)). The enrichment score is shown as a green line, and the vertical black bars below the plot indicate the positions of lysosome-associated genes, which are mostly grouped in the fraction of up-regulated genes (enrichment score ϭ 0.52; p Ͻ 0.001). C, table of selective gene sets enriched among genes up-regulated by genistein in fibroblasts based on GSEA (SIZE, number of genes in each set; NES, normalized enrichment score; FDR q-val, q value of false discovery rate), with the lysosome gene set at the top. (20) , the enhanced levels of mRNAs for glycosaminoglycandegrading enzymes in the presence of genistein were surprising.
TFEB Expression Level Assessment and Its Subcellular Localization-The recently discovered CLEAR gene network activating lysosomal biogenesis commanded by the TFEB (21, 22) prompted us to investigate whether genistein treatment may affect TFEB expression in HDFa. Interestingly, we found that genistein induced a 2-fold increase of TFEB mRNA level compared with the non-treated counterpart by using the GAPDH (Fig. 8A ) reference control gene. No microarray data regarding modulation of expression of TFEB gene were available due to the problem with low level analysis being related to elimination of the data for this particular sequence after background adjustment. To further confirm the latter results, we investigated the expression of endogenous TFEB after genistein treatment by using mouse embryonic fibroblasts isolated from a knock-in mouse where the reporter gene ␤-galactosidase was inserted in one allele of the TFEB gene locus. We found that genistein induced a concentration-dependent increase of the reporter protein and, therefore, TFEB expression ( Fig. 8B) . As shown by a representative blot in Fig. 8C , an increased protein level of TFEB was also detected in genistein-treated HDFa when compared with control samples. In addition, an increasing concentration of genistein determined the progressive translocation of TFEB from a diffused localization in the cytoplasm, where it mainly resides in untreated TFEB-FLAG HeLa, to the nucleus (Fig. 8D ). Induction of TFEB nuclear translocation can also be induced by drugs that promote lysosomal stress (18); however, we were able to discard the hypothesis of a genistein-mediated induction of lysosomal membrane permeabilization by using the lysosomotropic fluorescent probe acridine orange in HeLa cells treated with genistein at different time 
. A scheme for GAG biosynthesis (chondroitin/dermatan and heparan sulfate synthesis and keratan sulfate synthesis pathway) (A) and degradation (B).
Genes whose expression in both the microarray and real-time qRT-PCR analyses is stimulated in HDFa cells by genistein are shaded in black, and genes whose expression is inhibited by genistein are shaded in gray.
points and at a concentration that promotes maximal TFEB nuclear translocation (Fig. 9A ). More interestingly, acridine orange-positive lysosomes were also increased in genisteintreated cells when compared with DMSO-treated control 24 h after treatment ( Fig. 9B ), suggesting an increase in the lysosomal number. To further confirm that the treatment with genistein increases the number of lysosomes, we investigated whether genistein was able to promote lysosomal biogenesis by staining with LysoTracker Red DN-99. Indeed, we found a significant increase in the number of lysosomes in genistein-treated HDFa as compared with non-treated control cells (Fig. 9C) .
Effect of TFEB Knockdown on Genistein-mediated Induction of Lysosome-associated Genes-In order to investigate the contribution of TFEB activation to the genistein-mediated induction of lysosomal genes, we silenced the TFEB gene using specific siRNA oligonucleotides in HeLa cells treated with genistein ( Fig. 10) . In control genistein-treated cells, mRNA levels of endogenous TFEB as well as TFEB target genes (modulated by genistein and selected from Table 3 ) significantly increased, whereas in TFEB-depleted cells, the genistein response was considerably inhibited. These results suggest that the genistein-mediated transcriptional effect on lysosomal biogenesis is TFEB-dependent.
Identification of TFEB Direct Targets-To test whether lysosome-associated genes induced by genistein in this study are direct targets of TFEB, we performed a de novo CLEAR motif analysis. Pattern discovery analysis of the promoter regions of the 64 lysosome-associated genes resulted in the identification of CLEAR elements highly enriched in this promoter set (55 genes of 64; p Ͻ 0.0001) ( Table 3 ). In 61% of the cases, two or more CLEAR sites were detected. We found that 153 promoters, corresponding to 55 genes, contained CLEAR-like sequences located within Ϫ1000 to ϩ200 bp from the transcription start site. What is more, TFEB binding sites tend to be slightly more concentrated (64%) between positions Ϫ300 and ϩ200 bp relative to the transcription start site. Additionally, distribution of this motif was determined around human gene transcription start sites of 467 genes that exhibited significant expression after genistein treatment (up-and down-regulated Ն2-fold). We focused our analysis on the regions spanning from Ϫ1000 to ϩ200 bp from all annotated transcription start sites of human genes. Among 231 up-regulated and 236 downregulated mRNAs in each case, 122 (53 and 52%, respectively) were found to have CLEAR elements, either as a single sequence or as multiple sites. Subsequently, these genes, probably representing TFEB targets, were used for gene ontology analysis ( Table 4 ). The results showed a significant enrichment for categories related to intracellular, cytoskeletal, and organelle parts and regulation of cellular processes. It should be noted that some of the genes matched to more than one class.
DISCUSSION
Among many varied applications, genistein has been demonstrated previously to reduce the efficiency of glycosaminoglycan synthesis, leading to its reduced accumulation in MPS cells (7, 23, 24) . It was assumed that genistein may impair GAG metabolism by affecting expression of certain genes; therefore, comprehensive transcriptomic studies, so far not reported in with 30, 60, and 100 M genistein (A) or 1-, 24-, and 48-h treatment with  100 M genistein (B) , made on the basis of microarray data, against nontreated samples, with respect to reference gene GAPDH of a constant expression. The digits inside the symbols are numbers of transcripts identified as changed under studied conditions with corresponding overlap between the data sets. the literature, were strongly desired. Understanding the mechanism of genistein action in the light of cell transcriptome modulation may contribute to the implementation of this compound as a potential medication for mucopolysaccharidoses and other lysosomal storage diseases.
synthesis (Ⅺ) and degradation (‚)) genes of HDFa cells after 24-h treatment
In this work, we addressed the gene profile signature after genistein treatment ( Table 2 ). The analyses revealed, among hundreds of genes that displayed a greater than 2-fold increase or decrease in expression (for details see the NCBI Gene Expression Omnibus, GEO Series accession number GSE34074), a number of transcripts critically involved in the regulation of the cell cycle and associated with cellular metabolic oxidation-reduction processes, cell growth and division, and cytoskeletal, nucleosome and chromatin assembly (Fig. 2) . Among them, 15 transcripts that displayed the most effective genistein-modulated expression (three up-regulated (MT1X, MAOA and SLC40A1) and 12 down-regulated (KRT34, PCP4, RRM2, BCAT1,  SERPINB13, BAIAP2L2, PLK4, HJURP, AURKB, CDCA8,  GPR68, and RGS4) ) exhibited a 5-10-fold change in mRNA level after 24 h of treatment by genistein at 100 M. Moreover, the altered expression of these genes occurred as early as after 24 h of treatment with genistein only at 30 and 60 M and were significantly greater with longer treatment. We found that among the mRNA species with the most highly modulated expression, up-regulated MT1X and down-regulated KRT34 are transcripts related to complications associated with mucopolysaccharidoses and other lysosomal storage diseases. Apart from MT1X, whose protein products can protect the cells from oxidative stress that is crucial for development of various lysosomal storage disease symptoms, being significantly altered (9-fold change) in fibroblasts treated for 24 h with 100 M genistein, three other MT isoforms (i.e. MT1A, MT1E, and MT1F mRNAs) were also enriched by 2-fold and more. Considering the complex pathomechanism of mucopolysaccharidosis and a large spectrum of genistein activities, one may assume that this isoflavone can be beneficial in therapy for this disease due to not only its primary action as indirect GAG synthesis inhibitor and degradation enhancer but also its secondary, MPS-nonspecific, effects. As known from the literature, these include attenuation of oxidative stress in the brain (25, 26) . Our results for the KRT34 mRNA decrease (10-fold change) in fibroblasts treated for 24 h with 100 M genistein also agree with our previous observations and those of several others who have studied hair morphology in MPS-affected patients on genis- tein (27) (28) (29) . There are also two other genes, HMOX1 and MAOA, whose expression is remarkably and significantly increased (4-fold change) in a genistein-dependent fashion. For HMOX1, it is well known that induction of its transcription reduces the damage caused by oxidative stress or inflammation (30, 31) , whereas in the case of the monoamine oxidase A, its expression levels may be related to behavioral aggression and mental problems, which are also among the symptoms of mucopolysaccharidosis, particularly MPS II and III (32, 33) . Obviously, the concept of a gene that directly relates to the disease effect is rather simplistic; therefore, a full pathway from the gene to complex behavior must still be studied, also when considering the effects of genistein on patient health improvement.
Both microarray and real-time qRT-PCR analyses indicated that genistein influences the expression of several genes involved in glycosaminoglycan metabolism (Fig. 7) . Although the gene expression changes observed here are rather subtle, they appear to be relevant in cellular GAG level normalization. Our previous work documented, in fact, that alterations in transcription due to siRNA-mediated silencing of genes coding for enzymes involved in GAG synthesis lead to a decrease in the levels of the gene products directly contributing to the metabolism of glycosaminoglycans and impairment of GAG synthesis in transfected fibroblasts (34, 35) . At this time, we report that among genes coding for enzymes involved in the glycosaminoglycan biosynthesis pathway and required for production of chondroitin/dermatan sulfate, heparan sulfate, and keratan sulfate, expressions of EXT1, ST3GAL2, and XYLT1 were significantly impaired in the presence of genistein. It is worth noting that EXT1 and XYLT1 code for enzymes acting at the very early stages of production of heparan and chondroitin/dermatan sulfates, whereas the enzyme encoded by ST3GAL2 catalyzes the initial phase of the keratan sulfate II synthesis pathway (Fig.  5A ). Because the final efficiency of a biochemical reaction is 
TABLE 4
Gene ontology (GO) analysis of CLEAR genes whose expression changed >2-fold in response to genistein limited by the efficiency of its slowest step, it is likely that enhanced expression of CHPF, GLCE, and HS2ST1 cannot reverse the effects of significantly decreased levels of mRNAs of EXT1, ST3GAL2, and XYLT1 and thus the resulting low levels of corresponding enzymes and low efficiency of early steps of heparan sulfate and chondroitin/dermatan sulfate synthesis. Therefore, the final effect of genistein action is a decreased efficiency of production of chondroitin/dermatan, heparan, and keratan sulfates. This conclusion is corroborated by the results of earlier biochemical analyses (7, 11, 36) . The altered expression signatures point to inhibition of signaling pathways as important targets for genistein, a candidate for mucopolysaccharidosis-inhibiting agent.
Interestingly, expression of the AGA, ARSA, ARSG, ASAH1, FUCA1, GAA, GBA, GNS, HEXA, HEXB, HEXDC, HYAL3, IDUA, MAN2B1, MANBA, NAGLU, NEU1, SGSH, SMPD1, TPP1, and PPT1 genes, encoding hydrolases, of which 12 were confirmed by real-time qRT-PCR, was increased in the presence of genistein ( Figs. 3 and 7) . Some of these enzymes are involved in glycosaminoglycan degradation, and their dysfunctions cause different types of MPSs. Therefore, one might suppose that enhanced synthesis of products of those genes in the presence of genistein could result in an increased residual activity of the particular deficient enzyme. If this is true, patients suffering from MPS, who are treated with genistein, might benefit not only from less efficient accumulation of certain GAGs but also from its more effective degradation. Therefore, except for molecular basics for inhibition of gene expressions whose products are key elements in glycosaminoglycan biosynthesis, in this work, we also asked what is the mechanism for the genes' activation of lysosomal hydrolases by genistein. Interestingly, the analysis of "cellular compartment" as well as "biological processes" terms showed that enrichments for categories linked to the lysosome were among the significant ones (Fig. 2) . We found 64 up-regulated genes encoding lysosomal proteins grouped into different classes (Table 3 ). These results are in substantial correlation with data previously reported by us (21, 22) , where we discovered a transcription factor EB TFEB-mediated system (CLEAR) regulating the expression, import, and activity of lysosomal enzymes that control the degradation of proteins, glycosaminoglycans, sphingolipids, and glycogen (18, 21, (37) (38) (39) (40) . The majority of TFEB direct targets with a known role in lysosomal function already reported by us (37), were among those 64 lysosome-associated genes induced by genistein. Interestingly, of the 64 up-regulated genes, 55 (86%) were found to have CLEAR sequences in their promoters (Table 3) . Furthermore, by monitoring particular mRNA levels in human and mouse fibroblasts with the use of real-time qRT-PCR, high content imaging, and Western blot, respectively (Fig. 8, A-C) , we found that genistein also stimulates expression of the TFEB, demonstrated previously to act as a master positive regulator of lysosomal biogenesis (21, 37, 39) . The necessary TFEB shuttling FIGURE 11 . Schematic representation of the putative mechanism of genistein regulating the lysosomal metabolism-related genes and TFEB.
Lysosomal Enhancement by Genistein
from cytoplasm to the nucleus was also induced by genistein (Fig. 8D ). In addition to genistein-mediated induction of TFEB target genes, we observed an increase in lysosomal biogenesis by measuring LAMP1 levels (Fig. 9C) . Therefore, we conclude that enhancement of TFEB expression by genistein may cause stimulation of production of lysosomal hydrolases. Indeed, our results are consistent with those reported in the literature also describing that TFEB gene overexpression results in increased expression of genes encoding lysosomal enzymes, and under abnormal lysosomal storage conditions, TFEB translocates from the cytoplasm to the nucleus, resulting in the activation of genes with lysosomal function (18, 37) .
In addition, we analyzed the effect of TFEB knockdown on lysosome-associated gene activity in cells treated with genistein. We observed a TFEB siRNA-mediated decrease in transcript levels of CTSF, MCOLN1, NEU1, and TPP1 (Fig. 10) . These results reveal a clear correlation between the activity of TFEB and genes whose expression was modulated by genistein. These data are in agreement with our bioinformatics studies, where we performed a CLEAR motif analysis of 64 up-regulated lysosome-associated genes induced by genistein. CTSF, MCOLN1, NEU1, and TPP1 were among the 55 genes with CLEAR sequences in their promoters (Table 3) .
Also, we combined our microarray data and genomic analysis to obtain a more comprehensive map of the TFEB targetome. CLEAR motif analysis of all genes whose expression was significantly altered (up-and down-regulated Ն2-fold) in response to genistein treatment (included in Table 2 ) revealed that more than half of them (52%) are controlled by the CLEAR network and belong to TFEB-mediated regulation. These TFEB target genes, when studied by gene ontology, were grouped in several categories ( Table 4 ). The analysis of "cellular compartment," "biological process," and "molecular function" terms showed that enrichments for classes linked to intracellular parts, organelles, cellular process, and component organization or biogenesis were the most significant among TFEB targets.
Genistein has been demonstrated previously to inhibit synthesis of GAGs, possibly due to impairment of the kinase activity of epidermal growth factor receptor. The resultant halting of autophosphorylation of EGF receptor may cause a decrease in the efficiency of signal transduction and low level expression of genes coding for enzymes involved in glycosaminoglycan production. It was proposed that this mechanism is responsible for the already reported genistein-mediated decrease in storage of GAGs in cells derived from patients suffering from different types of mucopolysaccharidoses (11) . However, our analyses of transcriptomes of human fibroblasts treated with genistein showed that this isoflavone not only inhibits the expression of genes coding for enzymes necessary for GAG synthesis but also stimulates the expression of genes coding for various lysosomal hydrolases. EGF is a ligand, which binds to a specific receptor (EGF receptor) and triggers a signal transduction pathway, resulting in activation of expression of certain genes. TFEB adjacent to master growth regulator mTORC1 (mammalian target of rapamycin complex 1) remains in a phosphorylated inactive form in the cytoplasm in the cell, whereas inhibition of mTORC1 by genistein, reported previously in the literature (41) , may activate TFEB by promoting its nuclear translocation. Therefore, the following hypothesis emerges (Fig. 11 ). On the one hand, in the cells exposed to genistein, the EGF receptor phosphorylation is blocked by this isoflavone, so the impaired signal transduction pathway and modulation lead to reduced expression of several genes, including genes encoding enzymes of the GAG synthesis pathway, which in turn leads to reduced synthesis of this substrate in the cells. On the other hand, genistein-mediated mTORC1 inhibition of the TFEB phosphorylation appears to cause a translocation of the transcription factor EB from the cytoplasm to the nucleus, resulting in stimulation of certain lysosome-related gene expression and enhancement of degradation of lysosomal aggregates. Because this may be a potentially important mechanism of genistein-mediated reduction of storage of GAGs and other compounds accumulated in the cells of patients suffering from lysosomal storage diseases, TFEB may be a potential therapeutic target to enhance cellular clearance not only in MPS but generally in various lysosomal storage diseases. Furthermore, because TFEB plays an essential role in cell regulation, many possible side effects should be taken into consideration when thinking about genistein as a therapeutic drug.
As shown in many different studies, genistein may act through multiple pathways. Our results indicate indeed that genistein has an effect on regulating the expression of genes involved in metabolism of cell deposits in patients suffering from lysosomal storage disease, either by decreased expression of genes involved in the synthesis of the substrate or through increased expression of genes involved in the synthesis of lysosomal enzymes degrading specific substrates. Both approaches are relevant to substrate reduction therapy, due to the fact that the end result is a lower level of the substrate in the cells of lysosomal storage disease patients.
In conclusion, our current findings allowed us to learn about a putative genistein targetome responsible for impairment of production and enhancement of degradation of glycosaminoglycans. At the same time, this is the first study demonstrating directly that genistein alters the expression of genes involved in lysosomal metabolism.
